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1. INTRODUCTION o
v

XY
. \.*d.
1.1 Project Purpose !3- '
Six existing piles were readily available for lateral Al
load testing. The purpose of this project was to subject ﬁﬁ;‘
those six piles to cyclic horizontal loads and study the h;:‘
’ ‘) o

corresponding accumulation of horizontal displacement. S
These load tests also provided a unique opportunity to study Qvﬁ
3

the potential of the pressuremeter for predicting the res- Qgt‘
Y

ponse of piles in sand subjected to cyclic horizontal loads. LN
- t
ﬂ » %

Pressuremeter tests offer an array of advantages over ) ﬂ
present day metnods employed in the design of laterally- §%?“

loaded piles. The pressuremeter method allows site specific

P-y curves developed from point-by-point in-situ measurement

@®:
r,

to be obtained, rather than curves derived from one or two

measured soil parameters. The pressuremeter is a versatile

Py

instrument and can be employed in virtually any soil type,

including those for which there .are no existing recommenda- ks;‘
tions for the derivation of conventional P-y curves. The 'vg_
pressuremeter allows the pile installation method to be gh?l
modelled directly: pre-bored pressuremeter tests for drilled %ié”
shafts and driven pressuremeter tests for driven piles. The Eﬂfﬁ
pressuremeter 1is also capable o7 simulating the expected i
pile loading conditions: sustained pressure increment tests, ;E;%
unload-reload cyclic tests and rapid inflation tests yield ik;
site-specific soil responses to creep loading, cyclic load- Qij:
ing and dynamic loading respectively. ,,’ﬁ
These advantages over existing methods prompted this .
project. The chief objective was to incorporate cyclic f
loading effects into the derivation of P-y curves obtained e
from pressuremeter tests in order to predict the response of EE%:
piles in sand subjected to cyclic iateral loading. i§?}
Eﬁit
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1.2 Project Approach P
P_ This project was designed to allow for a comparison of 9
2 measured responses of piles in sand subjected to cyclic
lateral loading with predicted responses based on in-situ :
15 pressuremeter tests. The project was divided into three .
;; phases. 1In the first phase, a series of pressuremeter (PMT) t
KX tests were performed at a site where six individual piles 24
? had earlier been installed and load tested vertically. In
Qq the second phase, the piles were load tested under cyclic
'J lateral loading and the responses were recorded. In the ;
2 final phase, predictions of the pile response were prepared E
52 based on the PMT tests and the predictions were compared to .:
x the measured results. :
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2. THE S8ITE AND THE SOIL

2.1 Test 8ite Location

The pile load test site was located on property under
the authority of the Texas State Department of Highways and
Public Transportation at the northern end of the Baytown-La
Porte tunnel on State Highway 146 near Houston, Texas (Fig-
ure 1). The six piles were arranged in a triangular pattern
approximately 300 ft south of the tunnel maintenance kuild-
ing near Lagoon Number Three (Figure 2). The piles were
originally installed for vertical pile capacity load testing
in connection with the construction of a 100 million dollar
cable-stayed bridge spanning the Houston ship channel at the
same location.

2.2 8o0il Conditions and Stratigraphy

A variety of soil tests had been previously performed
at the site in conjunction with the vertical load testing of
the piles (Briaud Engineers, 1986). The soil was primarily
composed of loose to medium dense fine sand in the upper 73
ft underlain by stiff to very stiff clay (Figure 3). A
boring log with Standard Penetration Test (SPT) results,
grain size analysis curves and cone penetrometer test re-
sults are presented in Figures 4 through 6 to complete the
documentation of the soil.
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3. THE PILES

5.")

3.1 Layout of the Piles

The six piles at the load test site were arranged in a
triangular pattern as shown in Figure 7. This layout was
selected at the time the piles were installed to locad test
vertically the three smaller piles on the legs of the tri-

I‘g‘.‘.\"a\':

r

angle. The three 42-in diameter shafts in the corners were
used for vertical reaction.

3.2 Geometry and Properties of the Piles
To accu.ately predict the response of laterally loaded

L S

l|\ L AN
g »
f #

piles, the geometry and flexural stiffness of the piles must

@

be accurately represented. Correctly selecting the

iy
Ay

properties of the piles in this study was complicated since

%

the piles had previously been stressed during the vertical

P
"

4 4
7, %
o

load tests. The geometry and properties which were selected

v

for use in the prediction process are presented in Table 1.

as

z

¥y 2 4,
s T tete
R

»

)
4,7

TABLE 1. Geometry and Properties of the Test Piles

5

X

Pile ID L. Embedded Assumed
Number Description Length ET 5
(£€) (1b-1in“)

1 36" Diameter, Reinforced 97 1.70x101%
Concrete Drilled shaft

24" 0.D., 5/8" Thick Steel 10 0.91x1011
Pipe Plle (Open-ended)

v

v
»

- I
x U TR R
1 C e ettt
L vt Ty
A .

"
"-

20" Sqguare Prestressed 98 0.16x1011
Concrete Pile

v
s
.

L

v

42" Diameter, Reinforced 1.80x1011
Concrete Drifled Shaft

v
47

* )

&

The 36-in diameter drilled shaft was subjected to axial
compression during the vertical 1load test. The flexural
stiffness assumed for the lateral load test predictions was
set equal to the stiffness obtained using its cracked moment
of inertia. This method assumed that during lateral loading
of the pile the portion of the pile cross section in

compression transferred stresses to the concrete and to the

13
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steel reinforcement. The portion of the cross section in
tension, however, was assumed to carry all the stresses in
the steel reinforcement alone. The areas of the cross sec-
tion in compression and tension were assumed to be the comp-
ression and tension areas obtained when applying the allow-
able bending moment to the reinforced concrete section (Wang
and Salmon, 1979). For a previously unstressed pile these
assumptions may be considered to be conservative.

The 24-in pipe pile was assumed to have an elastic
modulus of 29,000 ksi. The moment of inertia selected for
the prediction process was based on the pile being complete-
ly empty of any soil throughout its length due tc the soil
plug being drilled out after driving.

For the 20-in square prestressed concrete pile, the
stiffness calculation was further complicated by the fact
the square cross section was not aligned with the direction
of the horizontal load to be applied. The angle between the
horizontal load and the sides of the square cross section
was 26°. The selected stiffness in Table 1 considered the
unusual angle of 1load application and was based on the
cracked moment of inertia as explained for the 36-in drilled
shaft. In all inertia computations, the prestressing
strands were assumed to carry stresses only in tension, and
were not included in the computations for the portion of the

cross section in compression.

During the vertical load tests the three 42-in diameter
reinforced concrete reaction shafts were subjected to axial
tension up to 1000 tons. In the calculations of their flex-
ural stiffness, the elastic modulus and the moment of iner-
tia were substantially reduced from the values that would be
assumed for a previously unstressed pile. This was neces-
sary to account for the inevitable tension crack formation
that must have occurred during the axial load tests.
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4. THE LATERAL LOAD TESTS

4.1 8ite Preparation

The site had been backfilled following completion of
the vertical 1load tests, necessitating excavation before
performance of the lateral load tests. The boundaries of
the excavation can be seen on the pile layout in Figure 7.
The depth of the excavation was approximately 3 ft, allowing
sufficient clearance for setting up the loading apparatus
and the displacement gages support frame.

4.2 Loading Apparatus and Pile Preparation

The lateral loading of the piles was achieved using the
system depicted in Figure 8. ©Each pile was cored horizon-
tally to allow a length of 1-3/8 1in, 150 ksi Dywidag-
threadbar to be passed through the pile's central axis. The

cored holes through each pile in the corner of the triangu-
lar layout were aligned with the cored holes through the
pile on the opposite leg of the triangle (Figure 7). A
length of threaded bar was passed through the cored hole of
a corner pile and a 200-kip load cell was screwed onto the
end of the bar near the center of the triangular layout.
Another bar, passing through the pile on the opposite leg of
the triangle, was screwed onto the other end of the 1load
cell. Steel reaction pads were placed over the threaded
bars behind the piles to distribute the lateral load over a
wider area and the threaded bar was locked with a nut behind

one of the two piles. A 200-kip hollow-core hydraulic jack ﬁ;?&
was locked behind the opposite pile around the threaded bar. Y
As the jack was expanded, the tensile force in the threaded Qiagf
bar pulled the two piles towards each other. The load cell Vj;’
measured the horizontal load applied to each pile. EEEEE
Dial gages were securely attached to an independently :gﬁf.
supported displacement measuring frame. Deflections were ﬁ;éj
measured at two points on each pile: one point below the %_:,
AN
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200 KIP HYDRAULIC HOLLOW-CORE JACK DISPLACEMENT MEASURINCG FRAME

42" DIA. R.C. DRILLED SHAFT 9" TRAVEL DIAL CAGE

3" TRAVEL DIAL GAGE TEST PILE

DISPLACEMENT MEASURING FRAME
-/\ [
N/ ety — ) ==
REACTION PAD 200 KIP LOAD CELL ’_’LREACNON PAD
DYWIDAG NUT \——CORED HOLE {———— DYWIDAG-THREADBAR

A = Distance from line of loading to top dial gage
B = Distance from line of lcading to bottom dial gaype

C = Distance from line of loading to ground surface

Pile 1.D. A B c
No, * (in.) (in.) (in.)
1 26,75 (4.25) 3.5
) 11.56 4.94 8.4
3 21.06 8.06 10.0
4 10.0 2.0 3.5
5 11.88 4.56 8.4
6 8.5 9.38 10.0

* See Figure 7.

** Above line of loading

FIGURE 8. Horizontal Load Application and
Displacement Measuring System

PR - o N I S SO | f e e - )
AL A AL ..*\;‘u‘:-.’}:.:..‘;-.s:.\ T .. A".'_'.’s{ a .'_N{:' >, -..;.A' ENPCA A \f_'f‘, \'-'.I\N'. Tl e "o e T o f~f

Y VIR . LYY

wouogl

NS R SS

v

-
-




axis of loading close to the groundline and one above the
axis of loading. This allowed the deflection and the slope
at the groundline to be obtained. The position of the dis-
placement measuring frame was checked with a transit before
and after each load test to guarantee that there was no
movement of the frame during testing. The locations of the
dial gages and the line of loading are shown on Figure 8.

4.3 General Loading Scheme

The loading scheme for each test followed the same
general pattern. Loads were applied in five kip increments.
After each increment, displacement readings were taken imme-
diately and at one minute intervals for five minutes as the
load was maintained. Two load levels were selected during
each test to perform 20 unload-~-reload cycles. The cycles
were performed under load-control conditions. After reach-
ing the first chosen locad level, the displacements were
recorded during the first five minutes as the load was main-
tained. The load was then decreased to near zero by com-
pletely relaxing the jack. Displacements and load readings
were recorded after two minutes and the original cyclic load
level was reapplied. A new set of readings were then re-
corded after an additional two minutes; the cyclic period
was thus four minutes. After ten cycles, the bottom, lower
load, of each cycle was increased to half of the top cyclic
load level. After twenty cummulative cycles, the five-kip,
five-minute incremental loading was resumed. When the sec-
ond chosen cyclic load 1level was reached, the 1locad was
cycled between the chosen load level and one-nalf of the
chosen load level for the first ten cycles and then between
the chosen load level and near zero locad for the last ten
cycles. After completion of the second series of cycles the
five-kip, five-minute incremental loading was resumed and

continued until the end of the test.

4.4 Results of the Lateral Load Tests
Tabulated results of the lateral 1load tests are pre-
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sented in Appendix A. Lateral loads versus horizontal de-

q flections of the piles are presented graphically in Figures ol
S 9 through 20. The displacements are those measured by the ]
. lowest dial gage for each pile, as described in Section ¢

? 4.2. Two graphs are presented for each pile: one showing ﬁ;
K the entire response range during the load test and another gf

detailing the cyclic response.

4.4.1 Monotonic response envelopes

AL

p Curves enveloping the response of the piles to incre- }
mental loading intervals are presented as monotonic response 3{
envelopes in Figures 21 and 22. These curves yield a con- ;

N servative estimate of each pile's behavior under strictly 3

W monotonic incremental loading. In reality, the responses f

i:' for identical piles not subjected to the two series of ‘E:

) cycles would likely be stiffer. This can be substantiated L

5 by observing the pronounced permanent displacements experi- Ei

g enced by each pile during cyclic loading in the case where .S.

t the load was decreased to almost zero load (Figures 9 E}
through 20). Furthermore, the concrete piles were subjected

25 to increased crack propagaticn during the cyclic series (see f:

ij Section 6) effectively reducing their stiffness as the tests E}

progressed.

The monotonic response envelopes allow comparisons ;
( between the piles to be made. The three 42-in diameter ﬁ‘
,‘ drilled shafts reponded within a narrow range of values, %1
2 showing consistency within the testing method, shaft con- y
4 struction and soil properties. They proved to have the 3
; stiffest response, followed by the 36-in diameter drilled ;‘
3 shaft, the 24-in diameter steel pipe pile and finally the é
g 20-in square prestressed concrete pile. ;'

One of the 42-in diameter drilled shafts failed during

P the load tests (Pile No. 6). This premature failure re-

fle<-ts the damage incurred by the reaction shafts during the N

vertical load tests discussed in Section 3.
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PILE #

Drilled Shaft
36 inch Dia.

ILIJIJIIIJ

L

lLlllJLl

"LATERAL LOAD (KIPS)

N = 21 blows/ft.
P1* = 20 kst

1

1

0

$u= 3.3 ksf
Pl*= 36 kst

JLLI 3

DEFLECTION (INCHES)

FIGURE 9. Measured Response from Cyclic

Lateral Load Test for Pile No.
0 to 200 Kips Scale.
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20 inch square
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N = 21 blows/ft.
P1*= 20 ksf
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Measured Response tfrom Cvclic Lateral

Load Test for Pile No. 3, 0 to 200
Kips Scale.
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4.4.2 Cyclic response and degradation

The cyclic response of the piles is presented in two
different ways: 1. as percentage increase in displacement
after cyclic loading, and 2. in terms of cyclic degradation
of the secant and cyclic shear stiffnesses.

The percentage increase in displacement was measured as
shown 1n rigure 25. Table 2 lists the iancrease ii displacae-
ment after 10 and 20 cycles for each pile at each cyclic
load level. Several observations concerning the pile's
responses may be made from the tabulation.

TABLE 2. Measured nglic Percentage Increase in Displacement

from the Pile Load Tests

First Cycling Level Secord Cycling Level
Pile
ID No. Description Load % Increase in Displacement Load % Increase in Displacement
(kips) a8 10 cycles @ 20 cycles (kips) @ 10 cycles @ 20 cycles
1 36" Drilled 55 51.1 66.9 80 17.9 35.4
Shaft
2 24" Pipe Pile 40 24.9 34.1 60 15.2 5.9
3 20" Square 30 2.3 27.9 50 26.4 43.1
Concrete
4 42" Drilled 55 55.4 .7 80 17.8 28.3
Shaft
5 42" Drilled 40 41.7 56.0 60 19.5 361
Shaft
6 42" Drilled 30 48.1 7.6 50 1.5 17.9

Shaft

The four reinforced concrete drilled shafts suffered
significantly more loss in pile-soil stiffness during the
first cyclic series than the steel pipe or prestressed con-
crete pile. This greater loss probably reflects the rapid
deterioration in the piles' flexural stiffness as the con-
crete experiences crack propagation, and the more compressi-
ble soil left by the drilling process at the concrete/soil
interface. At the second, higher, cyclic load level, the

relative increase in displacements with increasing number of
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cycles was much lower. This difference may be explained as
follows. During the first series of cycles the piles' flex-
ural stiffness deterioration contributed significantly to
the total pile-soil stiffness response. In the second
cyclic series, as the piles' flexural stiffness was reaching
a limiting value and since the sand had been stiffened by
the first series cf cycles, the cyclic deterioration of the
pile-soil stiffness was much less. As an example, notice
that pile 4 was cycled at 55 kips and experienced an in-
crease in displacement of 72.7% after 20 cycles, whereas
pile 6 cycled at 50 kips experienced only a 17.9% increase
in displacement. The significant difference was that the 55
kips cycling level was the first cyclic series for pile 4
and the 50 kips cycling level was the second cyclic series
experienced by pile 6, occurring after a cyclic series at a
load level of 30 kips.

The prestressed 20-in square concrete pile and the
steel pipe pile did not exhibit the same behavior. Pre-
stressing of the square concrete pile enabled it to resist
the effects of crack propagation by keeping a larger portion
of the pile cross-section in compression during the lateral
loading. As a result, the percentage increase in 4 splace-
ments of the prestressed concrete pile duplicate more close-
ly the behavior of the steel pipe pile during the first
series of cycles. At the second cyclic load 1level, the
prestressed concrete pile showed a significant increase in
relative displacement during the last ten cycles. At this
load level, the internal bending moment within the pile was
probably of sufficient magnitude to put a large portion of
the concrete cross-section into tension, causing crack prop-

agation and the associated loss in pile stiffness.

Very little loss in pile stiffness alone was expected
in the 24-in diameter steel pipe pile lcad test, especially

at low load levels. It is reasonable to assume then, that
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the majority of the relative increase in displacement due to
cyclic loading is the result of the soil stiffness degrada-
tion. This assumption seems to be reinforced when comparing
the response of the 24-in diameter pipe at the 60-kip load
level with the

second series of cycles.

response of the drilled shafts during the
Indeed,
tively close to one another.

all the values are rela-

Another method used to evaluate the effect of cyclic
loading on the pile-soil stiffness was to evaluate the de-

AR T T ‘,“‘. S T o .

gradation of the piles secant stiffness KS(N) as described N
. . f . . ~
in Figure 24. The cyclic degradation parameter "a" is de- -
fined as the negative slope of the best fit line through the 5
points plotted on the graph of the relative secant stifiness ¥
KS(N)/KS(I)' versus the cycle number, N, on a log-log scale ?ﬁ
(Figure 24). The "a" values obtained from the pile 1load ks
tests are presented in Table 3. The actual relative secant k.
. . . . x
stiffness degradation plots are presented in Figures 25 d
N
through 30. '
»
7]
TABLE 3. Measured Secant Shear Modulus Degradation Parameters by
'
Top “a" Values ;..
Pile Cyctic .
- ID No. Description Load, H Reload Reload Average Average Overall <
9 (kips) aH/n near 0 1st Level 2nd Level Average g
:ﬂ 1 36" Drilled 55 0.064 0.098 0.091 0.086 ~
X shaft 80 0.046 0.136 0.081 >
“ 2 24" Pipe Pile 40 0.069 0.061 0.065 0.062 .
60 0.038 0.081 0.059 -
- 3 20" square 30 0.031 0.045 0.038 0.063 5
- Concrete 50 0.067 0.109 0.088 "
gl =
o 4 42" Drilled 55 0.095 0.090 0.093 0.080 4
A Shaft 80 0.044 0.091 0.068 %
‘ 5 42" Drilled 40 0.066 0.080 0.073 0.073 .
shaft 60 0.049 0.0% 0.073 o
«
N
6 42" Dritled 30 0.082 0.092 6.087 0.068 -3
Shaft 50 0.030 0.068 0.049 -
N “
' Averages 0.057 0.087 0.075 0.070 0.072 o
- 4
+ .
By ¢ 4
et 38 ".I‘\
L] ‘l-
. 3
» -
-C'-‘v.'s."'-‘,'--."--i‘-ix"-.':1."\"«"«."«"«."-."»""';"-c’ e O S RO L S S A A A R AN
. Ea - YT, X B X K Rala x . ny n o Y "




h AR
H.N#-IL -h&g..\%.\r\f\(

7,

| — e ——————, ——— —3
7
o
H N
.
Pann
z 1
0]
N
od
ey
>
w
]
U
&
1]
9]
(]
—
(s ¥
)
Kal
[}
U
>
bl
Ry
o
—
Q
[« 4
&—

H ‘pro7 [eIUOZTIOH

PP PRORCRL ALY I;-
> 247, C ......\... ...J...\.\..\.\..\k
‘h & = r i‘AlV

1 :-.n.-...: -- »-u-n -\--\\N\\
--.\--‘.‘uv.-nf-l. .u-\\-...-.-\-r-hc- .N.. IR .,... ._Vu-\ \—\J\n-\--.\- . . rl-.n.»‘..-.. ..\-
o
3
]
-
} ]
m m
) o)
< c
3}
E
e
o
~
4
!
>
—
)
o
o \
4 O~ M
— A
o -
) H c
s 5] —
o 1 & O
o e > et
o ’ =
— " " 5
7] fart w o
o= O oY ™
e 5, =
py
92 ° e
I
1% ®
]
]
8
o]
r
[
o
C .
e~
— O
U
o
QO ~
— S
e, - &5
. 2
(1)SNssaujiris aAIIR[A] =
s —
(N)sH =

AT

Xurln

Tl

WL g W
-s.’h-. W AR A

RTLN



- ,, ., ., ...,, , . .-n..4 . '- t . f(‘v sf
ANAS o PPl LS, e BRI A A A A W R A T R R S R A AU RN = e e o R S SR SO T I O M NC A
-~ ’-W(\PN’J. ?\hvcf-f\f\fn‘-'\k .-..-.lh.-nul\‘n.ﬁnia ] ‘, .-...-a vt .-. -._ - . f‘vﬁfﬁ‘.\-\.\ I ._ K -»n--Wra-hnn.f hl-.t- . -.- --J-.ln .’-1;.-- .f .;-- o ..~ .\-\-f-..--\. . ."- .- -,llﬂ!i;ht\--l-v. ‘.\P\h\-.\.\- .-\-\-- . \.v.-. \f\h\)\fv\\% .ﬂf....\-. [

1

o

RN NN

J
\- =\
Fatat

TON O I4 do0)
QO IEpELIda] SHNPOR APy THEAG PIAINSPay ESYORNC R YO B R

NN

¥IBWNN 3IT1IAD

'J‘\J'

-

001 ot {

¥ 7T ¥ 7 T ¥ J ﬁunﬁ- L ¥ ¥ — .-.

PN

i 3A37 ONITJAD ONOJ3S ' © o
T3A3T ONITIDAD LSHIA '+ X

14VHS Q371180 HONI 9 * (# 311d

1
“

'
Vel

x

o

]

nl

Q

Q

Q

)
Qje
Ofx
Of*
N L
Qs
Of*
f
L4 i1

Q
]
o]
Oy
(1) $X/ (N) ®)
50
Iy .r‘.

oa g

-

.
"

L)

»
g )
-1

o0 J' -
L
) - -.“'? . “‘»

o
»n T
L |
i
)

o
L1l
4 )

T
&

p
o
b
=
o
-
-
p=
——
-
b
P
-
-
'
-
ol
Ll

]
"

“w

W S Yl
.

R AT

»
T Y e
o Ll 1’\

-
~
N

"t

-



A

PN s,

M N

R

§99 8% 1 12u 0",

LA

ol Oy
e
LN AR AL
.\Ki‘l’llii

T

e .

G 8 -
.V&w&w - @

A G I S AN
. Ny @l
M

U AR A LK i
(LY 2] ff..ﬁl.f RN YL S Y
? AR SR atats 'y R
whvr\r.wf \r-v R S Tc.r-.......-.... L O

"C "ON 211d 103 UOTIEPRIABI(Q SN[NPON IBIYS JUBDIIS PIINSRa

AR REAEERER

AN T
HIBWNN 37DJAD
001 ol
k| | T 1— | L | | T | T T ¥
i M3AIT ONITY: D ONDJ3S ¢ © .
M3A3T ONI 1DAD 1SMI4 v = |
‘0°0 HIONI ¥2 - 311d 3dld 13318 ¢ ¥ 3id
! ]
—_— .
LA 2 XY
" 290°0 =€ mﬁmﬂadqolm.a.mlw.&lilo’l ]
R i
ﬁl -y
o -
- -
i )
- -
L 2 0 1 1 ' | Y Y N 1 1

ol

(1) ®X/ (N> ®H

-

. -

..

.-

o IR
LA I Y

LA e

-

'~
'Y

N -
PO/

V.Y

RPNy

*" a4 e e

Aaalat ot

Lo ia

adnlael o la

L

Ka

.

ala




AT P

_’r

».zz N

— -

2 3 NIl
N -. AT AR
a.:..n..# LSS e SRARAES RN

't TON SIId 10J uoljepeaBo( sninpol 1voyg jurdag PRANSUIN /7 AND 14

¢

Y3IEBWNN 310AD
ol

¥ \J 1 L v L L 1 4 — L A | 1 L ] v LI ¥
- T3A37 INIT2A3 ONGI3S * © I
T3A3T ONITOAD L1SHId ¢ »
31343INCI 3HVNOS HONI 02 * €# 371d )
- .
— u
- €90°0 = ®© 5 7
S 4
r -y
I -
T -
l- 4 A brnd | A I 4 — 442 2 1 A 4 'y

r‘.r...vf..

AP AL

Ff‘-\ ff(u-

at

(1) ®X/ (N) 8%

rA.«

.nlr#’

.un\ﬂ

[as}

~Y

L

B

-"_'\."4.,.

Vs

5

TN ,: FRTLT S __:\-



S A

-« . Ny . ‘ .l
R AR AT ,.&quﬁwTMnh
AT SR SP i . R AT
r» -\ R.-I\I\ -\ -\ ,.-‘lq(--f- ..... -.-c -..r

"% "ON ®11d 103 uolaepeifsQ snInpol 1eoYS JUEDIS POINSEIy '8¢ dANOIJ

H3BWNN 3710AD
o1

—-J-\T-J L

T3A3T INITJAD ANOJ3S ¢ o
A3A37T ONITIOAD ASHId ¢ »

14VHS O3711¥0 HINI 2v * ¢4 311d

— sz.ttattttt# .
-

Wi
0O O o

0800=¢€ Duuuuoooooooo p=

(1) 8/ (N) BN

R N

- - - 1] -..
AN )

:"-'

K




P Y Y ...-J ; .......x x.x.\ Lo
L]

g LA 5 4 A
)s“”!hhﬂle'jh”‘ _. --.-N-\ \a- .-\

G OTON 9[Td

o A AR AR PN 33003 HANI0DE
X _w,.A [ N wr., LAAAAS
’* PP I ‘wr.?.r.-«.-..\f\).- .W-xu %3 rd )*.VMJ\*M)\.H.\. .r.-.r-\f\u_--z !v-\&.r\f\&.. ¢ @ R n-.' v .. .

<.
ﬂ. kT el VNS ..rr.rv‘.?. YR NSRS _..xaf.m..., Pl ol Sl g AN \..\\\\-\

103 UOTIepeiIfR(Q SNINPOW IBAYUS JUBDDNG PIINSPdl ‘6T NNOTA

M3IEWNN 313AD K
o1

]—y/'

14VHS 037180 HIONI 2y ' g# 311d

T 1—--u-1q T ]

T3A371 ONITJAD ONOJ3S * o
A3A3T ONITJAD 1S¥Id '

e at an

T
- -
-

T

tL0'p=-e

l11

-
po
-
-
i
-
-
2

LIRS

L

c
Q
gs
R T N T B | - JIIIIIJJ 1 —
(1) 8%/ (N> ®Hy

44

AP N R S S R
SN N N T T LT T
PP SRS I IS SR A 4

.
.

TR AT R AR
}‘.I.n.; L J‘:‘ WD




Y - _.

hate 7 VO VIR

»
‘.‘

* -

- 890°0 =€ .

- C0VOCo000000 0 0 0 o »

_ -

. ~

» -

ﬁ .

-

- 4
i NS W WO U | 1 1 1 | IS T T L 1 4

g ~ R . Y e he - . o a2 . a,. _.“.-3 g
L, | @ ALHES IR AT AP £ T P A A R .r.. R n«an.... h ..
JM..”‘.,...“..M.....“..A a ..._..”..,.w....%. o SRR S O N oh._.\.u.....\c. o SRR ., or.......w». 37 0
"9 "ON ®1Id 10J uoTleprilog SNINPOK 1BAYS IJURDBS pPIINSEIl *0f TANOLA
Y3EWNN 371DAD
ool o1 1
LN S S S T v rvv o7 T T |

. T3A37 ONITJAD ONCOJ3S ‘to N
" T3A3TT INITIJAD LS¥Id ¢ » B
i Ld4VHS Q377180 HINI 2v ' o# 311d
5 .
U

(1) 8XU/ (N) SH

ol

-

N .c..'.

_.\-- .ﬁ\- Fd

45

M u f -. -
oy, <

.\\\\4

.
)

PR AN L ]
TN A

v, -
‘-.’.\’

5

"o n
O

- -
e

. -~ . Ad - - - - ’ oy
N f’:"’f\-rxa-\'.r‘.re-

'}.'{



When comparing the "a" values, it becomes clear that

cycling with total unloading causes greater degradation than
cycling with only partial unloading (one-half of the top
load). This may be the result of greater inward yielding of
the soil as the pile is passed through a greater range of
displacements.

Also evident from the "a" values is that the first
series of cycles were generally more damaging than the fol-
lowing series. This behavior was true for all except the
20-in square prestressed concrete pile. As discussed ear-
lier, a probable reason for the greater degradation in the
first cyclic series of the concrete drilled shafts is the
decrease in the piles' flexural stiffness. The prestressing
in the square concrete pile postponed the crack propagation
until the second series of cycles. However, the steel pipe
pile also had less degradation during the second series of
cycles with "a'" values of 0.065 and 0.059 respectively.
Assuming that the flexural stiffness of the steel pipe pile
itself suffered little or no degradation, it would appear
that the soil stiffness also suffers less degradation at the
higher load level. The first series of cycles may have
caused a slight densification of the soil in front of the

pile.

The cyclic stiffness for the pile Ke(nyr as defined 1in
Figure 31, showed little or no degradation within each por-
tion of the cyclic loading where the difference between the
upper and lower loads was constant (Figures 32 through 37).
The cyclic stiffnesses were stiffer for cycling where the
magnitude of the difference was one-half of the upper load

level. This is to be expected from a non-elastic medium.

4.4.3 Creep response

Taking readings every minute for five minutes after

reaching a specified load allowed observation of the creep

response of the piles. These responses are presented in
46
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Figures 38 through 43. These figures show the values S, /S,
the displacement at time T, divided by the displacement at
time T, when the load was initially applied, plotted as a
function of the values Tn/To on a log-log scale. The slope

of each line may then be defined as the creep exponent n:

n
s (o)
@]

(o]

«-_ e =_. - — P 4 L)
5’.. v -‘,?*_“ x T et

P

P o

Values of n are plotted against the lateral load in Figures

“

.2,

44 through 49. From these figures it can be seen that the
creep exponent for two of the 42-in diameter drilled shafts
(Piles 4 and 5) dropped from an initially high wvalue to a
fairly stable value of about 0.02. The creep exponent for
the third 42-in diameter drilled shaft (Pile 6) dropped
similarly at first down to the 0.02 level, but then began to

climb as the test progressed. The initial high creep may

A

not only be a reflection of initial soil creep, but also the

A i

creep assoclated with c¢rack propagation in the cc.. :.cete

L]

T
v-. '
x
),
)
.. .

}
-
%
'-
“
‘-
b9
"

piles. The stabilization of the n value aroung 0.02 indi-

Oy

PERP
v

cates tnat the cracking had stabilized. The upward turn in

the n values for pile 6 is indicative of the impending pile

R

failure at 90 kips.

.
('14

o .

The 36-in diameter drilled shaft behaved similarly to

~

the 42-in diameter drilled shafts, with the values of n

dropping initially and stabilizing around 0.015. The steel

(Y
AP

LN

pipe pile and square prestressed concrete pile had much

lower initial n values. This is consistent with the theory

ca s

that the high initial creep for the drilled shafts relects

A

creep associated with crack propagation in the concrete.

¥

I'he prestressed concrete pile reached a critical creep

x.' 1: ¢’

load at 90 kips. At this sustained load the increase in

.
»

deflection began to rise rapidly (Figure 46).
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PILE #3: 20" SQUARE PRESTRESSED PILE "’:‘

CREEP RESPONSE
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FIGURE 40. Measured Creep Response, Pile No. 3. A
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S. THE PRESSUREMETER TESTS

S.1 PMT Tests at the 8ite

Two series of pressuremeter tests were conducted prior
to the lateral pile load tests and one series of tests af-
terwards. The first series was conducted in conjunction
with the vertical pile load tests and consisted of prebored
pressuremeter tests using the TEXAM PMT system (Briaud Engi-
neers, 1986). This test series was performed in June 1986
and included two cone penetrometer test (CPT) soundings, but
did not include any cyclic or creep tests. The second ser-
ies, performed in December 1986, included both prebored
TEXAM PMT and driven cone-pressuremeter (CPMT) tests with
cyclic and creep tests under pressure-controlled conditions.
These tests were concentrated within the upper layers of the
soil which have the greatest impact on the response of lat-
erally loaded piles. The third series, performed in January
1987, was also composed of both prebored TEXAM PMT and driv-
en CPMT tests. The tests were conducted after the lateral
load testing of the piles to investigate the changes in the
soil response following the pile load tests.

The locations of the tests are indicated on the summary
of in-situ tests shown in Figure 50. Corrected pressureme-
ter curves for the cyclic PMT tests used in this report are
included in Appendix B.

5.2 PMT Moduli and Net Limit Pressure

The pressuremeter first load moduli, reload moduli and
net limit pressure profiles for the site are presented in
Figure 51. When compared to the data from the other geo-
technical investigators (presented in Section 2) it can be
seen that the PMT data confirms the general stratigraphy
shown in Figure 3.

5.3 Prebored TEXAM PMT and Driven CPMT Test Results
The PMT tests performed prior to the lateral pile load

tests were used to generate the monotonic P-y curves for
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each of the pile types and the cyclic degradation and creep
response exponents.

5.3.1 PMT generated P-y curves

The procedure for generating P-y curves from pressure-
meter data is described in detail by Little ana Briaua
(1987). Generally, the process uses the analogy between the
pressuremeter probe's expansion into the in-situ soil and
the horizontal displacement of a laterally loaded pile. It
provides a series of curves defining the total resistance to
lateral displacement that may be expected during lateral
loading of a pile within each layer of the soil stratigra-
phy. These curves are plots of the total soil resistance
per unit length of pile, P, against the lateral pile dis-
placement within each stratum, y.

The P-y curves generated from the pressuremeter tests
at the load test site are presented in Figures 52 through
56. The first family of curves (Figure 52) were generated
for the three 42-in diameter drilled shafts from the pre-
bored TEXAM PMT test results. The P-y curves correspond
relatively well to the site stratigraphy as shown in Figure
3. Recalling that the site had been excavated three ft
pefore performance of the lateral load tests, the P-y curves
increase in stiffness until a depth cf 15 ft. This depth
coincides with the first layer of firm clay. The P-y curves
in the fine sand layers from 18 to 58 ft are clustered toge-
ther. The soil resistance shows a marked increase in the
dense sand layer 65 ft below the surface, and drops off in

the clay layer below 75 ft.

Twoc different families of P-y curves were produced for
the square prestressed concrete pile (Pile 3). Both sets
assumed that the pile was a full displacement driven pile.
The first set (Figure 53) was generated by using the driven
CPMT test results down to 17 £t and using the prebored TEXAM
PMT relocad curves below 17 ft (Little and Briaud, 1987).
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.
é The second set (Figure 54) was generated using only the ;!
d prebored TEXAM PMT reload curves. As can be seen in Figures ﬁi
. 53 and 54 the driven CPMT tests generally lead to stiffer P- K
) y curves. ?
%
5 The P-y curves for the pipe pile (Figure 55) were gen- .
X erated using the prebored TEXAM PMT test results and assum- ,g
ing that the pile was a non-displacement pile. This assump-
: tion is consistent with the fact that the pile did not plug :f
o until a significant depth. Therefore, at least in the more :
S important shallow depth region, the pile acted as a non- :{
) displacement pile. '
3 The P-y curves for the 36-in diameter drilled shaft f:
g (Figure 56) were also generated from the prebored TEXAM PMT ;f
o test results. f'
2 The P-y curves for the 24-in diameter pipe pile and the gf
- 36-in diameter drilled shaft prepared using the conventional .
[ method (Reese et al., 1974) are shown in Figures 57 and 58. o
-~ These curves were prepared by McClelland Engineers (1986). %
?z Compared to the PMT P-y curves, the conventional P-y curves E
‘e show a much softer initial response and a lower ultimate K
; soil resistance within the critical upper layers of the i;
;\ soil. =
. .'\-
i; 5.3.2 Cyclic degradation parameters E:
3 The cyclic degradation parameter, a, for the pressure- 1f
' meter tests represents the degradation of the secant PMT .u
T: shear modulus with increasing cycles as defined in Figure 3
i 59. The GS(N)/GS(l) versus N curves for each test are pre- Ej
i sented in Appendix C. A summary of the resulting a values =3
: for the secant shear modulus degradation is presented 1in ;7
. Table 4. ~J
: R
;j The cyclic degradation parameters for the driven CPMT fﬁ
- and the prebored PMT tests at 2 ft depth are less than the a B
v values of larger depths. A possible explanation for the ?]
3 3?
y 76 .':J




ERAA . et Lol Bl v, EY i + <1
LA A Ny 4 S RYAS) L LRSS PP A0 I N S W sl
Tl @ L IR AAANS TN PR @SN @y e

N w4 Jq--?--u\f -.-.-Ah-.- .-.- ) '..-.- . ..\--,..-\.n ,1\\- h{h?\..\.\ -v..-tf(\-n& .\-u_
' -_...\-...u‘:.f\uw'. S N N S ....\.\.- ooy ..(--n.-. PR A -

D M i e S plel T, [ T L P SR e e e B LIPS

<3
B T ¥ T T — T T T — T T T T I S i ie
1 -
= | -
7 W.M
) - - - - - - - - - - - + L
n S =) o ~} o I CeJ Nl B4 X “ T
o ™ ~ © ~N ot o i — o=
- - — . N T
! —
- 0o~
v L [ IY)
I >0
: —
g — H oA 5 0
- [ SR>
- w ~
- - >
" i m ()
bt o
h - s N ot
! —— .mP
_l. - = ~ -~ Q)
s m..m.
P ﬁ L m U P
- — .
w o oo~
b - I_L2 ¥ [«@iNe)
- w > @ oo
» ﬁl fl — E O
< [0 — Y
-
< o U
4 c T -
L ! o | C— ®»
¢ 18 .1Pu
PRI
3 ! 0 2oy
b [(Ise A~}
N a > of
b H coCoue
- t o C o
3 - [GI~ANES)
S >
r. o ™~
- 2o}
-
S r/’ b}
: [a
-] o =
. — o
S

100

(1004/5dIY) 3INVISIS3IM Wvi0oL - d

O R T R ™

I\




O A B

Jog diachen

A,

O

PR f¢:¢§ WARX AT Vﬁﬁuwhn.ivuﬂwﬁ..x l&wcva.u wnwmﬁ\x.’»sn.ﬂu.ﬁ 'w,nuﬁﬁﬁu o't
T 7T T v 1 7 7 T 717 ﬂ\\a | DN AR | I T T T n
o .
L © ol ) el o ~ ool &
3 o) o~ [e's) [es}8 IRV — —
—t
i |
ﬁl 4t ~
- ™
1 v
i w
L I
o)
- ~ z
—
- =Hoom v
- —
T Z
[XV)
oo - M
ul
- — (@]
<
o ‘r 2 L
o
- . n
P
i O
ﬁ . I \
) | AN
- _ o \ H -
O
- ~ 2 —
- L -
//
= Ml._ ~ e /I /fw:/ \
NN T Y AT e e PR T R R il O
Q v (w] T2 Q v Q
172} 3V} Q ~ 2] [aV]
- — o—y
(L004/S5dIM) 3FINVLISISIAY Wi0L - d
RO > v . e L 2% x = Ay PP BRRAI ALY g LN

T 36"

t (McClelland Engineers,

&
L

Conventionally Prepared P-v Curves

U

<

£

w

e

U

—

—

o

=~

=]

[

o
oC
m
a8
e
C
[Nl
. S 5

19386} .

78

CEE LG




P

RADIAL PRESSURE,

ae)

Gs(N)

RELATIVE STIFFNESS, Gs(1)

0
©

Gs(N) e \ \

b = e e - — - -

WL
(REAN)

2R ;——f—pb——AR

AR (N)

Ro

RELATIVE DISPLACEMENT, AR/Ro

(%]
)]
L~
2
~
U
W}

O
5]

—
—
~

l 10 100

CYCLE NUMBER, N

Figure 59. Definition of the Cyclic Degradation
Farameter for the Secant Shear Modulus.

79

L T I e L o U e L P L N Il Rl P RV UL T UL A
A o A AR S Ve

N
.l
.

<
R

!
3

1]
3
v !

. -

L IRY

‘. l. a,
5
..?. .'.1'

2
Pa

"
]
hY
:')'\\5

I
A
+

(
(
¢
o]

b
.‘
oy
'
o

N

T v i
N N
&E'Q\'
[]
P P
CaL SN NN

<
.:I ‘l
"
£

id
X7
X

PR

s
2



2 %

EARAI Y

R AR

Pressuremeter Cyclic Degradation Parameters
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lower degradation may relate to the degree of saturation of

[ ]
x

the sand. The water table at the time of testing was locat-
ed 3.5 ft below the ground surface, indicating that degrada-

tion may be dgreater in saturated sands than in unsaturated
sands.

CALL AR

The average a values below the water table were fairly
consistent. For prediction purposes an overall average a

value was selected for each pile (see Section 6.2).

Another observation on the cyclic degradation entailed

the degradation of the cyclic shear modulus as defined in

80

-I"f "

N T . p TR SR
'\'- -s-‘\"\:,.-.' AT AT N ‘\ W W \." 'u”\-..\‘..u-,\, ST eI PSS - '.- G A --



s P ; a y .
M O ) L thid b N W A0 A A N 0 Gt At o i il hRS . L N e T T N N NNV N 0w W,

Figures 60 and 61. The GC(N)/GC(l) versus N curves for the
individual PMT tests may be found in Appendix D. The curves
for the driven CPMT tests show an apparent degradation of
the cyclic shear modulus during the first series of cycles.

5.3.3 Creep response

Near the end of each PMT test the pressure was held
constant while recording the increase in volume of the

probe. The results are presented graphically in Figure 62 fi;"
RCACH.
and 63 using the same variables as employed to define creep ﬁj&»
e TN
in the piles (Section 4.4.3). For the prebored TEXAM PMT ]
the creep exponent, n, averaged 0.006. The average n value TT%‘
- ‘h.
for the driven CPMT tests was 0.011. Both values fell below }35&
TN
the creep exponents found for the load test piles. The Q&i:.
difference between the pile creep and the PMT creep expo- ]
nents may be the result of the creep occuring in the pile ns’.
material inself (Section 4.4.3). ‘ﬂjﬁ;
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6. COMPARISON OF PMT AND CONVENTIONAL PREDICTIONS :-:?:.t‘

WITH THE MEASURED RESPONSE S

Iyl

The approach employed in this report to predict the ‘
monotonic response of the test piles has been presented in :.""
detail in an earlier report (Little and Briaud, 1987). For ot
the prediction of the cyclic response, the desired number of ,:::"3?
cycles 1is first selected, then each value of y from the b
monotonic P-y curve is multiplied by N2 to obtain y(N). The "':.r-:
deflection y(N) is the deflection after N cycles at the ES}
chosen level of soil resistance. The a values were selected .E:.\
as detailed in Section 5.3.2. This process is summarized in e
Figure 64 and in the following equations: NN,

‘%‘f_:{;{‘i‘-‘ l

P(N) = P(1) (2)
y(N) = y(1) x N@ (3) 2
where N = cycle number for which the P-y curve is de- ‘::,'.:
sired, ;‘E::
P(1) = total soil resistance arrived at in static .:"\E
analysis, _,70__
P(N) = total soil resistance arrived at after N ":j
cycles, "f-x.
y(1l) = the static displacement at P(1), ;Z-.
y(N) = the displacement at P(N) after N cycies, and 2.
a = the cyclic degradation parameter otained from :\
the pressuremeter tests. .‘_-‘:.‘t-_;‘
The cyclic P-y curves were then input as resistances :j;‘-::.l:
into a beam-column program to obtain the predicted deflec- .\
tions of a pile subjected to a given set of cyclic lateral \:‘.
loads. :
6.1 Monotonic Loading Response ._\
The preboring PMT prediction yielded excellent results :’S
for the 36-in diameter drilled shaft at loads up to 40 kips S
(Figure 65). The conventional method predicted a much soft- l
er response. At higher loads (Fiqure 66), after the pile .0.'
had been subjected to the series of cycles, the PMT predic- f;:'_’;:f.
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tion was stiffer than the measured results. This is probab-
ly due to the fact that the cycles induce accentuated curva-
ture in the monotonic envelope and that the flexural stiff-
ness of the pile decreases with increasing load and with
increasing number of cycles due to crack propagation. This
deterioration was not modeled in the prediction process.

The predicted response for the pipe pile using the
preboring PMT and assuming the pile was a non-displacement
pile gave excellent results throughout the range of lateral
loads applied (Figures 67 and 68). The steel pipe was not
subject to the same magnitude of stiffness deterioration as
the concrete drilled shafts. At high load levels, after the
series of cycles, the PMT method slightly underpredicted the
pile displacement. The conventional method, on the other
hand, significantly overpredicts the displacements through-
out the range of loads applied to the pile.

The square concrete pile was modeled with both the
driven CPMT and prebored PMT test results. Both methods
produced excellent predictions for locads up to 40 kips (Fig-
ure 69). At higher 1loads the prebored PMT predictions
closely followed the measured results until after the second
cycling series (Figure 70). It is likely that the deterior-
ation of the pile stiffness (EI-value) associated with cycl-
ing was not a factor in the pile-soil response until the
effects of the prestressing in the pile were overcone.
Therefore, the envelope on measured results up to the second
series of cycles probably is an accurate reflection of the
soil response alone. The driven CPMT predictions overestim-

ated the pile-soil stiffness response at high loads.

For the three 42-in diameter drilled shafts the pres-
suremeter method predicted a softer initial response at
loads below 30 kips and a stiffer response at load levels
over 50 kips (Figures 71 and 72). A partial reason for the
predictions of the 42-in diameter drilled shafts not being
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' as good as the predictions for the other piles is the diffi- i
ot culty encountzred in determining the correct pile stiffness b
* to incorporate into the pile-soil stiffness model. As ex- ‘:
', plained in Section 3, these shafts were used as reaction ;
&; shafts during the previously performed vertical load tests. A
b As such, they were subjected to extreme axial tension stres- 5
ses. Although in the prediction method a reduced pile
'g stiffness (EI-value) was assumed, it may not have been an .
~ accurate model of the actual piles. Judging from the excel- o
S lent results in predicting the response of the other piles .i
» in this study, the less satisfactory results for the 42-in f
_R diameter drilled shafts must be due to inaccuracies in mod- iy
;E elling the pile itself, and not in modeling the soil E
;E response. N
A 6.2 Cyclic Loading Response E
.,33 The predictions of the cyclic response of the test
m piles using the results of the cyclic PMT tests are shown in ﬂ
~ Figures 73 through 77. The predictions are presented as g
. cyclic envelopes. For any given load level the nth cyclic N
‘? envelope represents the deflection expected after N cycles N
'ﬂ at that load level. 1
The cyclic prediction for the square prestressed con- ‘
l% crete pile was obtained from both the preboring and the 3
>, driven CPMT results. The cyclic predictions for the steel o
f? pipe pile and the drilled shafts were obtained from the P
. preboring PMT only. "
o+
ﬁe Table 5 summarizes the cyclic predictions and compares >
éj them to the measured responses. In each case, the predicted E
. increase in deflection is less than the measured increase. ‘
g Four possible reasons for the PMT method underpredicting the
g cyclic degradation are: (1) the difference in confinement
.i between the pile and the PMT probe, (2) load-control cyclic )
5 pile locad tests may not cause exclusively load-control
3 cyclic loading of each soil strata, (3) influence of previ- f?
" 96 *
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meter probe.

: R Ry LR - ~ e N
:;.
b %
) 1
: TABLE 5. Comparison_of Percent Increase in Deflection with h,
| Cycling: Predicted and Measured :
) ey
> o,
3.
N : 2
b Cyclic % Increase in Deftection .
Pile Pile Load
v ID No. Description Level After 10 Cycles After 20 Cycles w4
k (kips)  Measured Predicted Measured  Predicted &
'-'
3 [}
" 1 36v Drilled 55 51.1 8.5 66.9 1.6 o
Y Shaft 80 17.9 7.6 35.4 10.3 o]
A ca
: 2 2" pipe Pile 40 24.9 4.5 34.1 5.8
60 15.2 4.2 25.9 7.9
b W ‘
) 3 20" square 30 2.3 5.5 27.9 7.2 A
N Concrete 50 2.4 6.0 4301 7.9 &
! {
3 4 42 Drilled 55 55.4 10.8 72.7 14.5 jﬁ
{ Shaft 80 17.8 10.5 28.3 14, Py
5 42" Dritled 40 4.7 11.0 56.0 14.5 s
v Shaft 60 19.5 10.6 34.1 14.5 by
Y
5 6 42" Drilled 30 48.1 10.5 79.6 14.5 .
$ Shaft 50 11.5 11.0 17.9 14.5 3
v Averages 29.3 9.0 43.5 12.2 N
", o
R ous series of cycles on subsequent series of cycles during a oy
_ ‘ ' . K
test and (4) degradation of the pile flexural stiffness :'
‘ during cyclic loading. b
. . ' . . =
3 There 1s a difference in confinement between the pile .
b and the PMT probe; this is shown in Figure 78. During the %'
> lateral movement of a pile, the soil is able to move towards Y
Al
the back of the pile where a gap is opening. During a PMT é
N test, the soil is displaced radially outward. Under mono- Sj
- tonic loading, the difference in confinement may not signi- o
i . ) hy
N ficantly affect the pile-pressuremeter probe analogy. Under %:
s, . , , . . .
repeated cyclic loading, however, the difference in confine- ]
1 * 3 3 . 1) -‘
& ment may result in significantly greater degradation in the ;:
R . . . . e
o soil resistance against the pile than against the pressure- N
b Lof
J -~

or

\ Another possible explanation for the pressuremeter
predicting less degradation under cyclic loading may arise
from the mode of cycling experienced by the soil during the
cyclic lateral loading of a pile. In earlier studies

(Makarim and Briaud, 1986; Little and Briaud, 1987) it has
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been shown that for pressuremeter tests the soil resistance
degrades more rapidly under displacement-controlled condi-
tions than under pressure-controlled conditions. In this
study, pressure-controlled cyclic pressuremeter tests were
used to predict the soil resistance degradation for the
load-controlled cyclic pile load tests. In reality, each

soil layer may not be subjected exclusively to load-

controlled conditions during a pile load test. The actual
loading conditions on the soil may lie somewhere between
pressure-control and displacement-control, making the
pressure-control-predicted response the most conservative.
It is recommended that future pressuremeter predictions be
based on a combination of two cycling mcdes. One possible
method may be to perform 10 cycles load-controlled and then
10 cycles displacement-controlled during the pressuremeter
tests and calculate the degradation exponent for each mode

of cyclic loading.

The influence of the first series of cycles on the soil
response during subsequent cycles may also have affected the
comparison between predicted and measured results. The
first series of cycles in a test is more likely to be influ-

enced by seating problems than subsequent series of cycles.

Particularly damaging to the predi~tion process employ-
ed in this study was the degradation of the pile flexural
stiffness associated with cyclic loading. The deterioration
of pile stiffness had a profound effect on the concrete
piles studied in this report. This can be seen by comparing
the measured increase in deflection after 20 cycles on con-
crete pile 4 at a load of 55 kips with the increase in de-
flection for concrete pile 5 at a load of 60 Kkips. The
increase is 72.7% for pile 4 and 34.1% for pile 5. The
piles were designed and constructed using identical proce-
dures, and since they were installed within the same soil

strata it would be logical to assume that the response of
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the soil during the series of cycles would be nearly the
same. The explanation for the large variation in response
between the two identical piles lies in the relative degrad-
ation of their flexural stiffnesses.

The primary mechanism for reduction of the pile flexur-
al stiffness was the propagation of cracks through the con-
crete cross-section during cycling. Increased cracking
reduced the strength of the concrete. Crack propagation was
most pronounced during the first cycling series for each of
the reinforced concrete drilled shafts. After the concrete
had suffered significant cracking during the first cycling
series, the pile stiffness would tend toward a limit wvalue
since the stiffness would primarily be related to the
strength of the steel reinforcement. Therefore, the differ-
ence mentioned above exists because pile 4 was being cycled
for the first time while pile 5 was being cycled for the
second time.

An alternative method for using the pressuremter re-
sults to predict the pile responses would be to treat the
pressuremeter tests as a model pile load test and apply the
PMT degradation parameter a directly to the monotonic pre-

diction:
Y(N) = y(1) x N (4)
H(N) = H(1) (35)
where y(N) = pile deflection at the groundline after N

cycles at load H,
y(1l) = pile deflection at the groundline after mono-
tonic load H,

a = average PMT degradation parameter,

H(N) = horizontal load applied at the top of the Nth
cycle,
H(1) = horizontal load applied at the top of the 1St
cycle,
N = number of cycles.
105
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The accuracy of this prediction method for the relatively
homogeneous strata and piles in this study may be judged by
comparing the measured average a values with the PMT pre-
dicted average of 0.064 (Table 6). This alternative method

yielded excellent agreement between predicted average and

N e "'i\‘\"n"l HAS NSy

measured average a values for the piles expected to have the

least deterioration in pile stiffness, namely the steel pipe

-

y

pile (a = 0.062) and the prestressed concrete pile (a =

ot
Do I

0.063). The reinforced concrete drilled shafts, on the

other hand, showed greater cyclic dagradation than predicted
(a values of 0.086, 0.080, 0.073 and 0.068 for piles 1,4,5
and 6, respectively).

LAY

LT

TABLE 6. Comparison of Measured and Predicted Secant Shear
Modulus Cyclic Degradation Parameters

.

-
X

-

Pile Measured Predicted
No. Qaverage daverage

'\(
» a
]

0.064

v
a_ 2 4

¥ »

T SR AR
0

"
<,

Overall
Average

e

oot

6.3 Comparison of Creep Exponents
In Section 5.3.3 it was shown that the PMT creep expon-
ents were 0.006 for the TEXAM preboring PMT tests and 0.011

for the driven CPMT tests. These exponents were lower than

3

L

.
v

the exponents backcalculated from the pile load tests since
these exponents stabilized around 0.015 to 0.02. The disre-
pancy may be the result of two of the same mechanisms cited

for the underprediction of cyclic degradation, namely the

3

difference in confinement between the pile and the pressure-
meter probe and the creep of the pile flexural stiffness

under a sustained load.
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CONCLUSIONS AND RECOMMENDATIONS

The main conclusions to be gathered from this study

are the following:

- The four drilled shafts exhibited significantly more

- The steel pipe pile showed a somewhat stiffer

cyclic degradation during the first series of cycles
than during the second series. This may be due to
the pile stiffness may degrade
By the

second series of cycles, the pile stiffness is mainly

two things. First,

due to crack propagation from the cycling.

not
the
the
the

obtained from the steel reinforcement which will
This is thought to be
the sand is densified by

exhibit much degradation.
major cause. Second,
first series of cycling, causing a stiffening of

response in the second series.

re-
the

ex-

sponse during the second cyclic series than in
first. Since the stiffness of the steel should
perience little or no degradation at these low load
the

entirely to the stiffening of the soil due to pre-

levels, increase in stiffness is probably due

vious cyclic loads.

- The prestressed concrete pile showed more degradation

- The cyclic degradation parameter,

of stiffness during the second cyclic series than in
the first. This

postponement cf cracking of the concrete due to the

is thought to be caused by a
prestressing of the pile. The bending moment in the
pile at the lower cyclic load level was not enough to

However, at
the effect of

cause tension cracks in the concrete.

the second, higher, cyclic load level,

the prestressing was overcome and tension cracks

began to form, thus reducing the pile stiffness.

"a", wvalues for

cycles which unloaded to zero load were 53% higher
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than for cycles which unloaded only to one-half the
top cyclic load.

The creep exponent, "n", values for all the piles
except the prestressed concrete pile exhibited the
same behavior. The n values started between 0.05 and
0.075 then reduced and stabilized between 0.015 and
0.02. For the 42-~in diameter drilled shaft which
failed, the n values showed an upward turn towards
the end of the test indicative of the impending
failure. The n values for the prestressed concrete
pile began around 0.015 then increased during the
test, reaching a critical 1load at about 90 Kkips.
This may be due to creep in the concrete as the

effect of the prestressing is overcome.

The prediction of the monotonic loading curves by the
pressuremeter method (Little and Briaud, 1987, was
very good for all piles in the working 1lcad range
based on the prebored PMT test data. As the 1loads
increased, the measured deflections of the drilled
shafts increased much faster than the predictons due
to crack propagation in the concrete. The predic-
tions for the steel pipe pile were good throughout
the entire loading range. The predictions were too
stiff for the prestressed concrete pile at larger
loads using both the prebored PMT and the driven CPMT
test curves, with the prebored data yielding the best
results of the two. From these results it can be
concluded that the pressuremeter method predicts weldl
the soil response but does not include any pile

stiffness degradation.

The conventional P-y curves overpredicted the dis-
placement of the piles throughout the entire loading

range.
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- For all piles the predicted increase in deflection

due to cyclic loading was much less than the measured

)

’I.
Sy

increase. Four possible reasons for this difference e

¥
.

2

>
v

are: (1) the difference in confinement between the [
pile and the pressuremeter, (2) load-control cyclic %Eg
pile load tests may not cause exclusively load- ot
control cyclic loading of each soil strata, (3) é;ﬁ

2
it

influence of previous series of cycles on subsequent

series of cycles during a test and (4) degradation of

the pile flexural stiffness during cyclic loading.

-~ The average cyclic degradation parameter from the
pressuremeter tests (a = 0.064) matches very well the
average cyclic degradation parameter from the pile
load tests which should experience little or no deg-
radation of the pile flexural stiffness, namely the

R
R

steel pipe pile (a = 0.062) and the prestressed con-

crete pile (a = 0.063). The reinforced concrete §t$
drilled shafts showed much higher cyclic degradation. ;Eﬁ
T

»’

- The creep exponents from the PMT tests were 0.006 for pgk
SN

the prebored TEXAM tests and 0.011 for the driven Vgt
oy

CPMT tests. These exponents were lower than the

ch s

L]
o
s

creep exponents backcalculated from the pile 1load

tests which stabilized around 0.015 to 0.02. The ;AE
difference wmay be caused by two of th: nechanisms ;ﬁ&
cited for the underprediction of cyclic degradation, ffg?
namely the difference in confinement between the pile Sl
and the pressuremeter probe and the creep of the pile Ay
flexural stiffness under a sustained load. EE;?

‘,f" :.

)

'

The following recommendations are made hased cn the

(RN
S

results of this study:

]
-
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z

s
o
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3

T

- The pressuremeter method used in this study for pre-

.
.
v

P

dicting pile response to monotonic lateral loading

/’

(Little and Briaud, 18g7) 1is applicable to piles

which will experience 1little or no degradation in
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flexural stiffness (such as steel piles, prestressed
concrete piles loaded less than the prestress, etc.)

due to the applied loading.

Further study needs to be done in four main areas in
order to apply the pressuremeter method to cyclic and
creep loading. These areas are (1) the effects of
the difference in confinement between the pile and
the pressuremeter probe, (2) determining what type of
loading each soil strata actually undergoes due to
various loading at the top of the pile, (3) the
influence of previous series of cycles on subseguent
series of cycles and (4) the degradation of the pile
flexural stiffness during loading (monotonic, cyclic
and creep).

The fourth item relating to degradation of the pile
flexural stiffness during loading is felt to be the
most critical factor for prediction of the behavior

of reinforced concrete drilled shafts.
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APPENDIX A

PILE LOAD TEST DATA
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Reactd

Pt O Y0 O ¥ W VWL LS A TR CwEA sut "
TUNNEL SITE
PILE LOAD TEST DATA
1le: _20 inch SOUARE CopncpiTr Date: __\=6-97 | o
(3._’—|8 “‘A
on Pile: 42 iach_ Neit(en SHAFT 'CE‘B,,
(3

Displacement gage locations:

#
#
¢
¢

’3 N
[ o Back fl/‘)[\ e

1:_3/8" To RenT or Loan axgc & 2)"%e AROVE

2 /s TO R&H] B [PAb ax/s & Pl pEtowd L B Bt 7

3: 131" 1O RIGHT DF  LOAN axis 4 BAT ABOVE [on JpsineE N\ )
4 _pya’ To RNt oF 1pah AxiC § OV Recon YA §h

| Time | Load Cell | Pressure Test Pile Lisp. ~Reaction rile Disp. -
W Reaaing i J.ack #l I.I2 i;3 Sk ”/4. = —-«P . \ 20
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Test Pile:
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Displacement gage locations:
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TUNNEL SITE
PILE LOAD TEST DATA
Test Plle: Date:
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Displacement gage locations:
#i:
#2:
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Time | Load Cell | Pressure Test Pile Disp. Reaction ¥ile Disp.
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Pile:

TUNNEL SITE

PILE LOAD TEST DATA

Date:

Reaction Pile:

Displacement gage locations:

#1:
#2:
#3:
4
Time { Load Cell | Pressure Test Pile Disp. Reaction rPile Disp.
Reading in Jack ¢l #2 #3 '
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